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[. INTRODUCTION

The soft X-ray spectrum of the solar corona is dominated by the
emission lines of high stages of ionization of iron auring flares. in large
flares, the density of lines from the 2p-3d and 2p-3s transitions in the ions
f'e NVII through Fe XXIV has made it difficult to identify individual
transitions in presently available flare X-ray spectra (Doschek, 1975). In
addition to flare spectra, the X-ray spectra of hot active regions also
display bright emission lines from the 2p-3d and 2p-3s transitions in Fe XVii

and Fe XVIII. Detailed observations (Neupert, Swartz, and Kastner 1973,

Walker, Ru Weiss 1974a, Parkinson 1975, Huteheon, Pye, and Evans
1976) an oulergue and Nussbaumer 1973, 1975, Walker, Rugge,
and We 1U74a) of Fe XVHI X-radiation from active regions huave becn

carried out. However, no comprehensive and accurate observations of
similar radiation from Fe XVIII are yet available. In the present paper we
analyze a number of high resolution solar X-ray spectra taken feom the
OVI1-17 satellite, including several taken after a moderate (elass 1B) flare,
in which we have been able to identify all of the principal Fe XVIIl 2p-3d
and 2p-3s transitions previously seen only in laboratory plasmas. The line
identifications have been carried out using recent analyses of high
resolution spark-excited laboratory X-ray spectra of Fe XVIII and have
resulted in the clarification of the identity of several lines previously

observed in the spectra of flares and hot active regions.

Theoretical models of the excitation of the spectrum of neon-like
Fe XVII (Loulergue and Nussbaumer 1973, 1975) have resulted in good

agrcement between the predicted and observed relative intensities of the

PRECEDING PAGE BLANK-NOT FILMED




2p-3d and 2p-3s transition arrays. Unfortunately, theoretical collision
strengths for the more complicated fluorine-like isoelectronic sequence
have not yet been calculated and, consequently, it has not been possible to
calculate the relative intensities of the principal lines of the 2p-3d and 2p-
3s transition arrays for Fe XVIII. Neither has it been possible to properly
include the spectra of this ion in theoretical models of X-ray emitting
astrophysical plasmas. In the present paper we present the first
comprehensive and accurate evaluation of the relative intensities of all of
the 1important 2p-3d and 2p-3s transitions in Fe XVIII under coronal
conditions and use these intensities to calculate the relative effective
collision strengths for these Fe XVIII transitions. In addition, we compare
the relative contribution of Fe XVII and Fe XVIII X-ray intensities from the

solar corona for a variety of plasma conditions.

Section II of this paper briefly describes the satellite experiment and
the X-ray data. Section IIl discusses the observation of the Fe XVIII
spectra, the Fe XVIII 2p-3d and 2p-3s wavelengths measured by the OV1-17
instrument and a comparison of these wavelengths with laboratory
measurements of hot plasmas. Section IV concerns itself with the relative
intensities of the strongest Fe XVIII lines and the determination of the
relative effective collision strengths for these transitions. Section V
briefly assesses the importance of Fe XVIII X-ray intensities compared to
those of Fe XVII, the source of the strongest coronal X-ray lines from
active regions. Finally, Section VI presents a summary of the paper and its

principal conclusions.
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II. THE OV1-17 SATELLITE X-RAY DATA

The data presented in this paper were obtained with an uncollimated
Bragg crystal spectrometer experiment flown or. the OV1-17 satellite whieh
has been previously described (Walker and Rugge 1970). The experiment
consisted of « solar pointer containing 3 scanning Bragg crystal spectro-
meters (KAP, EDDT, wuiF ecrystals) which covered the 1.5 to 25A
wavelength interval. The Fe XVIII results deseribed in this paper were
obtained with tne KAP (potassium acid phthelate) erystal and a photo-
eleetrie detector. The speetral resolution of the measureinents is limited
by the inherent line width attributable to the KAP crystal, if larger than
1.67 are inin., or by the on-board data sampling time (determined by the
satellite teclemetry) which corresponds to 1.67 are min. of travel by the

erystal.

The data presented in this paper were obtained on 1969 Murch 20
and 21, with much of the data used for detailed quantitative analysis having
been taken about 70 minutes after a class 13 flare which occurrea on
March 21 at ~ 1330 U'l. As a result, the majority of the Fe XVIIi and other
"hot" coronal X-ray lines originated from a smali region on the solar disk.
Consequently, the potential problem of artificaily broadened spectral lines
as a4 result of multiple strong sources, often encountered with full disk
measurements of the sun using crystal spectrometers, is minimized for
these data and the inhierent instrumental spectral resolution is attained.
This condition allows improved assignment of wavelengths for emission

lines.
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A total of eight spectra obtained under varying conditions of the
solur coronal plasma were used in the evaluation of relative line intensities
of Fe XVII and in the comparison of Fe XVIII to Fe XVII line emission.
Four of these eight spectral scans were taken consecutively, each scan

requiring 4 minutes, after the class 1B flare.
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1Il. DETERMINATION OF THE WAVELENGTHS OF THE Fe XVIII

X-RAY EMISSION LINES

A number of experimenters have previously reported the observation
of Fe XVIII emission lines from the solar corona (e.g., Evans, Pounds, and
Culhane 1967, Neupert et al. 1967, Rugge and Walker 1968, Doschek,
Meekins, and Cowan 1973, Walker, Rugge, and Weiss 1974b, Parkinson 1975,
and Hutcheon, Pye, and Evans 1876.) Most of these reported spectra have
been of relatively low resolution, with the exception of those of Parkinson
(1975) and Hutcheon, Pye, and Evans (1976), both of which had excellent
spectral resolution. Only Parkinson (1975) has attempted an analysis of the
Fe XVHI lines to date. Unfortunately his Fe XVIii measurements suffer
from low counting rates. However, he does present wavelength measure-
ments for six Fe XVIII lines. Most of these wavelengths agree well with the

best laboratory measurements (Feldman et al. 1973) of these lines.

We have used X-ray spectra of the Fe XVIII lines taken -~ 70 minutes
after a class 1B flare on 1969 March 21 to determine the wavelengths of u
number of the strongest lines or line blends of Fe XVIII which occur
between ~ 14 to ~ 16A. Over this wavelength region our spectral
resolution was ~ 0.01!0\, determined primarily by the OVI1-17 satellite

telemetry sampling rate.

The absolute wavelengths of the Fe XVIII lines were obtained by
using the well-determined wavelengths of the Ne IX 1s-2p resonance line
(13.447A), the Fe XVII 2p-3d 1P] (15.0124) and 2p-3s 11’1 (16.769?\) lines

and the constant and well-measured scanning rate of the potassium acid

1=




phthalate Bragg crystal (0.2500 deg s-l). A total of eighteen Fe XVIII lines
or line blends were observed with sufficient intensity to be unequivocally
assigned a wavelength. The wavelengths were determined from a single
spectral scan. Either the scan taken at 1442 UT or at 1446 UT on March
21 (~70 minutes after a class 1B flare) was used for the wavelength

assignment of the great majority of the lines.

Figure 1 presents the sum of four spectral scans taken between
~13.5 and ~ 15.0A. The four scans, taken between 1442 and 1458 UT on
1969 March 21, were added to better show some of the weaker lines.
However, the addition slightly degrades the resolution available in a single
spectral scan and, in addition, does not indicate the appropriate intensities
of the Fe XVIII lines relative to the other strong lines as they appeared at
1442 UT, the time of the greatest emission of Fe XVIII radiation from the
previously flaring region. The expected positions of the sixteen 2p-3d
Fe XVIII lines, as well as those of several strong lines of other ions, are
indicated in Figure 1. Four of the Fe XVIII multiplets indicated in Figure 1

are not resolved into individual lines by our spectrometer.

Figure 2 presents similar data for the wavelength region from ~ 15
to ~ 17A. In this figure three spectral scans have been added; those from
1446 to 1458 UT on March 21. The expected positions of twelve Fe X VIII
lines are shown, with the dashed lines indicating those blended with
stronger lines of other ions. No attempt at wavelength determination was
made for these blended lines. Strong lines from other ions are also

indicated in Figure 2.
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Tl O R T S T Sk S T SR s ol De e o duns swoe
L’OUU[ fe XVIi
. i |
| ]
| -
I |
P Nelx i
g b i
6 1
|
= |
3 ’ | 11
2 b
= ek 1
= jooob | |
; | ! lyp Rd b
= R Fe XVl L
D il e —— ]
L L [l I IRt it i H |
A n R
[t ii i
! L NiXix J{ owm_ ¢4
L R S R | | | |
| r[’ H.r ‘L! 'ﬁ‘ ' | f L
AR :
§ I
B 1 / WJJ ( ﬁ
L ——— -“M e M@H‘J‘_‘JW g
Ul__J ‘‘‘‘‘ G SO Sl T Ll e e, WSSLY g T, I SN T TS | S TR
13.5 14.0 145 150
WAVELENGTH (Al
13 (2 2 Sum of four spectral scans recorded by the KAP spectrometer

on the OV1-17 satellite for 1969 March 21. The predicted positions of

the Fe XVIII 2p~-3d transitions are indicated.

-15-




COUNTS PER 0.1 sec

FiG. 2 -

on th

Fe XVl

! A
J
|
| 0 Vil e XVl
| 2p-3s
X . fexvit
:)
L jLi :,; j
| 1 I J
[l ] |
o] i
‘\Lrl L‘W LL j ‘H
) E l { Ll
b A Tl U B
o el —~M—JH~ —_%_T\HE{JEVM"V":HU,, ML
150 155 60 165 17.0
WAVELENGTH (A]

Sum of three spectral scans recorded by the KAP spectrometer

e OV1-17 satellite for 1969 March 21. The predicted positions of

the Fe XVIII 2p-3s transitions are indicated. The dashed lines indicate

blends with stronger lines of other ions.

-16-




The wauvelengths of the Fe XViil lines determined by our spectro-
meter are presented in Table 1 (2p-3d transitions) and in Table 2 (2p-3s
transitions). The wavelengths are presented to 3 significant figures after
the decimal. The uncertainty in wavelength for the stronger lines s
estimated to be + 0.005A. The other information presented in the tables is

discussed below in § 1V.

The most definitive work to date on the wavelengths of the emission
lines of Fe XVII in the 10-20A region comes from the laboratory work of
Feldman et al. (1973) who have considered the fluorine isoelectronic
sequence in great detail. Earlier work on identification of Fe XVIII lines in
laboratory plasmas was carried out, e.g., by Fawcett, Gabriel, and Saunders
(1967), Cohen, Feldman, and Kastner (1968), Connerade, Peacock, and
Specr (1970), Cohen and Feldman (1970), and Swartz et al. (1971). Some of
these investigators have questioned a number of identifications made by
others listed here, including some of Fe XVIil. At present. the paper of
Feldman et al. (1973) seems to have resolved many of these pasi

difficulties.

We have used the wavelength data of Feldman et al. (1973) for the

3s and 3d states which decay radiatively to the ground state term of
Fe XVIHI (1522522p5 2!’”2,3/2), and constructed the energy level diagram
shown us Figure 3, It should be noted that not all possible upper level
states are shown; but, for the most part, only those which gave rise to
observable X-radiation. It should also be noted that although no 3p states

are shown they do exist, lying in energy between 25 and the 3d states.

However, since they cannot have an allowed transition to the 'Zp" ground
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FIG. 3 - Energy level diagram for Fe XVIII showing those levels which
give rise to observable X-radiation by decay to the ground state levels.
The asterisks on the quartet states indicate that not all possible levels

of this configuration are displayed because radiation from the

undisplayed states has not been observed.
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state levels of Fe XVII, they instead populate the 3s levels by decaying to
those states. The importance of this effect upon calculated line intensites

will be discussed in § IV.

All of the Fe XVIII X-ray lines or line blends observed by Feldman et
al. (1973) have been seen in the OV1-17 spectra, although several are
sufficiently close in wavelength that they cannot be resolved from each
other or, in a few cases, from blends with other strong lines. However, the
majority of these multiple lines are obviously broader, in the OV1-17
speectra, than single emission lines. Tables 1 and 2 list the wavelengths
measured by Feldman et al. (1973) for the 2p-3d and 2p-3s transitions,
respectively.  Also shown are the lower and upper levels assigned by
Feldman et al. for each trunsition. In the Tabies the lower level of the

. s i I 2 2 il
ground state term is given as either P3/2 or P]/2 to indicate,

3.3 59

) 9 5 9
respectively, the ls“‘_’\‘zp‘) P or 1s"2s"2p” “P levels. The upper

3/2 1/2
levels are abbreviated by, for example, listing the 14.200A upper level
2 2o Ak i . gl 2 s
1s2s"2p (" D)3d Dy as (" D)3d 1)5/,2; the core electrons always being

9
ls“2s“2p4. A similar convention is used in Table 2 for the 2p-3s

transitions.

The agreement between the Fe XVIII wavelengths measured by our
spectrometer on the OVI-17 satellite and those measured by Feldman et ul.
(1973) in a laboratory plasma are excellent even for the weaker lines and
well within the uncertainties of measurement for both experiments. This
agreement, as well as the behavior of the lines measured during a variety
of solar conditions, convinces us that all of the lines observed do indeed

belong to the Fe XVIII ion.
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One of the lines observed by the OV1-17 spectrometer and listed as
a line of Fe XVIII in Table 1 at 14.660A was not observed by Feldman et al.
(1973) in the laboratory. However, the close correspondence of the
measured wavelength to that calculated for the Fe XVIII transition and its
behavior with solar activity leads us to believe it is an Fe XVIII line as

indicated in Table 1.

-l -




1IV. Fe XVIII RELATIVE INTENSITIES AND RELATIVE EFFECTIVE

COLLISION STRENGTHS

This section discusses the relative intensites of the Fe XVIII lines (or
line blends) measured by the OV1-17 satellite spectrometer and the
relationship of those measured intensities to effective collision strengths
for the appropriate transitions. The deduced effective collision strengths
are compared to the only available calculations which make use of the
Bethe approximation and the results of such a comparison are presented
and discussed. Potential problems arising from line blends are also
discussed in this section, as is & comparison with previously obtained

resuits.

a) Fe XVIII Relative Intensities

The measured Fe XVIII photon intensities relative to the photon
intensity of the Fe XVII line at 14.2005‘, the strongest Fe XVII hine
observed, are presented in Table 1 (2p-3d transitions) and in Table 2 (2p-3s
transitions). These ratios and their uncertainties were determined as
follows: For each spectral scan in which a given line was visible, its
relative intensity was determined by correcting the counts in each line by
the wavelength dependent efficiency of the spectrometer. (This is a
relatively small correction since all the lines lie between ~ 14 and 16A.)
The uncertainty attributable to each line was that associated with the
counting statistics of that line and its background subtraction. A weighted

average of the relative intensity for each line was then obtained using all

«23-




of the speetral scans (a maximum of eight) in which that line was clearly
discernable. All but the weakest lines appeared in most of the eight
available spectral scans. Five of the eighteen Fe XVIII lines observed had
intensities (after background subtraction) represented by more than 1000
counts, four had intensities represented by less than 200 counts; the
remaining lines had intensities represented by between 200 and 1000
counts. For the four lines with the lowest number of counts (14.1185\,
14.151/\, 15.763A and 16.277TA), the uncertainties owing to decisions
concerning background subtraction and limits of spectral integration are
probably greater than those shown, which result from counting statisties

only.

b) Past Theoretical Calculations

The primary mechanism for populating excited levels in Fe XVIII,
which lead to the radiative transitions of interest in this paper, is
collisional excitation. Thus, to calculate the Fe XVIII X-ray intensities
collision strengths are required, as are oscillator strengths to calculate
radiative branching ratios from excited states. While detailed calculations

of the collision strengths required to calculate the collisional exeitation

rates in neon-like Fe XVII have been carried out (Loulergue and
Nussbaumer 1973, 1975), the more difficult fluorine-like Fe XVIII
calculations have not yet been attempted. For the case of Fe XVII
Loulergue and Nussbaumer (1973) first used a 36 level scheme to describe
the statistical equilibrium equations including terms up to n = 3. A similar

calculation for Fe XVIII, i.e., including all n = 3 levels, would necessitate a
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calculation with 82 levels. Loulergue and Nussbaumer (1975) have recently
carried their Fe XVII calculations further to include n =4 levels, adding
another 89 levels. However, they included only a total of 51 Fe XVII levels
i their line intensity calculations and found only relatively minor changes
irom the results o1 the 36 level (up to n =3 only) calculations. Until at
ieast a complete celeulation up to and including the n =3 levels is
completed, u detailed comparison between measured and calculated

Fe XVII X-ray line intensities cannot be meaningfully carried out.

Tucker and Koren (1971) have estimated the "summed" collision
strengths for the 2p-3d and 2p-3s transitions in Fe XVIIl. These estimates
were obtained by scaling the collision strengths for boron-like ions. In turn,
the boron-like collision strengths were obtained by using calculations of
Bely and Petrini (1970) for the excitation of 2p-nl transitions in lithium-like
ions. Inasmuch as the Fe XVIII wavelengths and correct designations of a
number of levels were not well known at the time of the work of Tucker
and Koren (1971) and because only an order of magnitude accuracy can be
expected, these calculations do not serve as an effective check on any

experimentally obtained results.

Kato (1976) has also carried out an estimate of the "summed"
collision strength for Fe XVIII using similar techniques. His "summed"
collision strength differs from that of Tucker and Koren (1971) by a factor

of 20.

c) Effective Collison Strength Definition

The basic theory of collisional excitation and subsequent radiation of

coronal ions has been put forth, for example, by Van Regemorter (1962).




Using this theory it can be shown that the energy flux at the earth, E (ergs
em 2571, for a given transition between states j and i may be written as:

(see, e.g., Walker 1972)

Q..
- -33 i
E = 3.05x 107" E; "JL Bjjay Ay fG(T) M(T) dT (1)

where F‘i] is the energy difference between the upper (j) level and the lower
(1) level (ergs), Q i is the temperature-averaged collision strength,
W, = ZJi+1 is the statistical weight of the lower state, ay is the number of
hydrogen ions per electron in the plasma, AZ is the elemental abundance

relative to hydrogen and

E..
(0 = T2 exp - ) 8, (T) (2)

where T is the electron temperature, k is the Boltzmann constant and
aZZ(T) is the fraction of the element Z in ionization stage z (z = 18 for
Fe XVIII) determined from ionization equilibrium considerations. M(T) is

the differential emission measure given by

f M(T)dT = f nede (3)

where ne is the electron density (cm-3). The branching ratio, Bji’ must be
included if excitation from the ground level i to the upper level j can result

not only in a decay back to level i but also to another level lying below the

upper (j) level.




§2 , the teiperature-averaged collision strength is defined by

o0

Q = /.Q (E) exp (- T«ET) n(%.) . (4)
0

Q(¥) is related to the cross section for collisional excitation from state i,

o (E), by

42 :
o () = 0 b (5)

where i is the electron mass, E the energy of the incident electron and the
other symbols have their usual meaning. Since £ is usually only wenkly
dependent on energy near threshold (see, e.g., Walker 1972) the approxima-

tion is often made that .5 ~ £ evaluated at threshold.

It should be noted that the collision strength defined by eqgns. (1), (4)
and (5) is the usual definition, but differs from that used bv Tucker and
Koren (1971) in tha! they include the statistical weight of the initial state,

@, in their definition of the collision strength.

The effective collision strength, 'Qeff’ can be defined as

= 2B, . 5

szeff 2 i (6)

Thus, wiicn a radiative teansition from level j to i results only from level j
being filled by collisional exeitation from level i (the so-called coronal
excitation condition), the effective collision strength may be deduced from

the fine intensity by use of equations (1) through (6).




r. .: T

The relative effective collision strength for two lines from the same
ion may be obtained in terms of the measured intensities of the relevant

transitions (1 and 2) of interest from equations (1) and (6) as

Qeff(l) . “'1E1 A4 o
Qett?) Woky Ay

where we have assumed the integral fG(T)M(’I‘)dT is identical for both
transitions. The ws are the statistical weights of the lower levels of the
transitions and the As the wavelengths of the relevant transitions. In fact,
since G(T) contains a term involving the energy of the transition (sec eq. 2)
this approximation is only valid when comparing transitions with similar
wavelengths as is the case for the Fe XVIII transitions of interest here.

The same ratio can also be obtained in terms of the measurcd photon

intensity, I, ratio as

P T Ty i

For the purpose of this paper we use equation (8) as the definition of the

relative effective collision strength. Thus, we may use the measured

Fe XVIII photon intensities relative to the 14.200A Fe XVIII transition given
in Tables 1 and 2 to calculate directly the Fe XVIII effective collision

strengths relative to the effective collision strength for the 14.200A

transition.
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d) Interpretation of Effective Collision Strength for Fe XVIII

The interpretation of the effective collision strength for an ion as
complex as Fe XVIII is not as simple as for an ion in which the coronul
excitation condition applies rigorously. There are two primary reasons for
the departure from this straightforward interpretation; (1) cascades (very
probably) play an important role in populating a number of important levels
of Fe XVIII, and (2) Fe XVIII has two ground state levels (21’3/2 and 2}"v,,', -
see Fig. 3) both of which can serve as the lower level in radiative
transitions, but only one of which effectivelv serves as the lower level for
collisional excitation (ZPB/Z)' Thus, while the operative definition of the
relative effective eollision strength {Equation 8) in terms of the observed
radiation from & given transition will yield the appropriate relative
intensity ratio for a hot, optically thin astrophysical or laboratory plasma,
it will not necessarily provide accurate results if the relative collision
strengths are used for collisonal excitation calculations. The lack of
aceuracy, for various transitions, will vary directly with the importance of
the two conditions given above relative to that of the coronal excitation

condition.

Although no calculations have been performed to date, it is antici-
pated that cascades will play a significant role in populating a number of
important levels in Fe XVIII. This conclusion is reached by analogy with
the situation for Fe X VIl where detailed ealeulation have been performed
theoretically and a comparison has been made with experimental results
(Loulergue and Nussbaumer, 1975). In Fe XVII the strongest effect of

caseades 1s on the 3s states. For this ion only a few percent of the




sopulation of the 3s leveis arises {rom collisional excitation directly from
the ground staie. The majority of the 3s level population arises from
~ascades from 3o levels, manyv of which are populated, in turn, by cascade
from the 3d levels. A similar set of 3p levels exist in Fe XVIIl. States in
. a 2s electron, rather (han a 2p eleciron, is excited can also lead to
~asaades to the 20734, 5p and 3s ievels 1 Fe XViil. In view of these results
for Fe A Vii, 1t seems reasoneble that these same mechanisms may operate
Tor Fe XViIL 1o some degree. To the extent that they do operate, the
usafulness of the relative effective collisicn strengths, inferred from
radiztive intensities, [or coilisional execitation calculations is diminished. It

1

logy with Fe XVII, that the effect will be greatest for

D

is anticipated. by ans
the 3¢ states. Some evidence for that view is presented in&” IV I. The

caseade affect niay also aflect the Op states, but its importance cannot be

properiyv assessed at this time.

Another cdiflicuitv for Fe XVIII is the presence of two ground state

ol
o o o iy s
ievels. the 1s“2s“2p” "‘Psl,,, andg ZPl/z (ser Fig. 3). Radiative transitions
from upper levels to both ground state levels occur (see Tables 1 and 2) and

thus equation (8) may be used to infer an effective collision strength

o

(relativa itc the 14.2A transition effective collision strength) for a

transiticn having a ground state leve}l 2

PI/Z' However, the excitation
which gave rise to this transition in all probability did not arise from this
ground state levei but rather {rom the2P3/2 ground state level. This may
be easily demonstrated by approximating the situation by assuming the two
ground levels {form a two-level ion and calculating the relative populations

of the two levels. The necessary collision strength may be accurately

extrapolated from data presented by Blaha (1969) and the magnetic dipole
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transition probability for the transition obtained, e.g., from Petrosian
(1970) or Kastner (1976). 1If a temperature of ~ 5 x 1061\' 1s assumed (the
variation with T goes only as 'I‘—l/z), the electron density must exceed
1012 cm'3 before even one percent of the ground state ions populate the
ZPI/‘Z level. Thus the effective collision strength ratios for transitions
involving the 2P1/2 ground level have meuning only for calculating
radiative intensity ratios, and not for collisional excitation from that 2!’1/2

State.

e) Modified Bethe Approximation

Although no detailed calculations on the collisional exeitation of
Fe XVIIi have becn carried out an approximation, which is often used,
relates the collision strength to the oscillator strength. This is the Bethe
approximation modified by use of the averaged Gaunt factor, g, as intro-
duced by Seaton (1962) and Van Regemorter (1962). This approximation is
only valid for allowed transitions and at high energies, where thc short-
range interaction between the perturbing electron and the atomic electron
may be neglected. Although this modified Bethe approximstion has been
extensively used in astrophysics, straightforward application of the g
empiriceal formula may give considerable error for eross section determina-

tions (Bely and Van Regeimorter 1970).

The approximation may be written as

Xse
N 8 J i |!
52(‘ff ~ —-G- (‘)].Ug,”. h l” njl - (g)
v ¢




where Ei' is the averaged Gaunt factor, }‘ij is the wavelength of the

]
transition, h and ¢ have their usual meaning, fij is the oscillator strength,
IH is the Rydberg and the other parameters have been defined earlier in

this paper. Evaluating the constants one obtains,

Qupp = 0.0159 uifij gij )‘ij Hji (10)
where )‘ij is in A. Therefore the ratio of effective collision strengths for

two transitions 1 and 2 is

P (
Loeell)  @yf; A48y

T R R

(11)
2

It 1s assumed the averaged Gaunt factors are equal for the two transitions.
This assumption, often made, must be used since no calculations of the
Gaunt factor exist for Fe XVIIl. Mewe (1972) has presented interpolation
formulae for the averaged Gaunt factors for several isoelectronic
sequences, but not that of FI. In any case he treats only excitation to

atomie levels without taking into account their multiplet structure.

Thus, relative effective collision strengths may be approximsated by
use of equation (11) if the oscillator strengths for the transitions of interest

are known.

f)  Results for the Relative Effective Collision Strengths

The effective collision strengths for the Fe XVIII transitions

measured by the OVI-17 spectrometer relative to the effective collision

P, AL




strength for the strong Fe XVIII line at 14.2A may be obtained directly by
usin equation (8) and the listed intensity ratios of the transitions given in
Fables 1 and 2. The results are given in Tables 3 and 4 for the 2p-3d and
2p-3s transitions, respectively. The values with the asterisks are those line
blends for which the collision strengths had to be weighted because of an
adinxture of the two ground state fevels in the blend. This is discussed in

the next sub-section.

We have attempted to compare these experimentally obtained
results with caleulations based on the modified Bethe approximation by
using cquation (11). In order to earry out this calcuiation the oscillator
strengths and branching ratios, which can be derived from the oscillator
strengths, are required. Dr. R. D. Cowan has previously ealculated the
(unpublished) required oscillator strengths for Fe XVII using Hartree-Foek
wave functions in a manner similar to his earlier calculations (Cowan 1967,
14968) for use in the paper by Feldman et al. (1973). Dr. Feldman has
Kindly made these calculations available to us. Using Cowan's oseillator
strengths and the transition designations of Feldman et al. (1973) we have
calculated the relative collision strengths for both the 2p-3d and 2p-3s
transitions.  The results are shown in the last column of Table 3 and 4,

respectively.

Examination of Table 4 shows that all values of the collision
strength ratios ealceulated by the Bethe approximation ure substantially
below their measured vilues. We believe this is strong evidence to indicate
that the role of cascades from the 3p levels to the 3s levels is as important
in Fe XVHI as in Fe XVIL  If this is indeed the case u meaningful

comparison between the two sets of values cannot be made.
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TABLE 3
fFe XVIII 2p 3d tttectve Collision Strength Ratios

117
ovi 17 reldman et al {1873) oV
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006
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021
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0na

001
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TABLE 4
fe XVIIL 2p 3s Effective Collision Strength Ratios
AR Feldman et al. (1973) OV117 Calculated T
Wavelength Wavelength 0 ML 142K 0 g (42
(Al (Al Transition Ceft.eff. Teff. eff
Blerded 65258 Zpo,-t'shs s, <001
Blend 4¢ 2 1 2
Blended 15.491 P“2 -("S)3s SL’Z - 0.01
17 R99 7 | 2 :
15.62; 15623 Py~ 1105 D; 047 0.06
1K TR’ £ IR ? 3 7 4
15.763 15764 P~ "P3s Py 0.12 001
. S SN, . .
15,830 15.826 Paip 1 'PI3s Py 0.34 0.0
15 866 g %Py, D D, 015 0105
16.003 ZPW (pis 4Pw ’
Blended $ i i » 0 it
e 2
16.024 Pyp~I"Pl3s Py
. 9
B
< 16087 ?PW pias ?P3»7 » 1047 <007
L 16,109 ?PI,? (SPBSAPW )
167 16.270 7Pw (BP)334P3!7 0.07 <001
“Blend with mixed ground level
t Bethe Approximation
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For the 2p-3d transitions (Table 3), even for the stronger lines, the
ngreement is generally not too good with differences between the Bethe-
approximation calculation and the measured ratios being up to a factor of
three.  For some of the weaker lines the difference is even larger. The
worst ease is for our weak 14.118A line where the measured ratio 1s ~ 10
times smalier than the theoretical prediction. For this case, as has been
done for all the other lines if possible, we have checked other available
data for the relative line strengths and find general agreement with our

measured values as opposed to the Bethe-approximation calculations.

We have used the visually estimated (from film) Fe XVIII relative
line strengths as qualitatively presented by Feldman et al. (1973) to discern
strong froin weak lines in their plasma, the conditions of which may have
diftered considerably from those in the solar corona at the time of our
measurements, Qualitatively our results agree with theirs. Hutcheon, Pyc
and tvans (1976) have published a high resolution X-ray spectrum of the
corona, also taken about 1 hour after a small flare. Unfortunately they
have only provided the intensity ratios of a number of Fe XVII lines. Their
speetra are quite similar to ours for the time period from 1442 to 1458 UT
on 1969 March 21. Therefore, we have used their spectra as shown, and
also information provided in their paper concerning the efficiency of their
Briog specetrometer, to make estimnates of the relative intensities of those
Fe NVII 2p-3d lines we could easily observe in their spectra. The semi-
quantitative results we obtain are in excellent agreement with our relative

intensities for the 2p-3d transitions. We therefore coneclude this s further

evidence that our measured line intensities, on which the experimental

«36-




relative effective collision strengths are based, are correct and any
disagreements with calculations based on the modified Bethe approximation

result from one or more of three potential difficulties.

The first possible reason for the disagreement between calculated
and measured 2p-3d relative collision strengths may be the influence of
cascades on the 3d levels. Although the effect should be smaller than on
the 2p-3s transitions of Fe XVIII, Table 4 dramatically illustrates the
effects of cascades for 2p-3s transitions. Until detailed calculations are
performed, the influence of cascades on the 3d levels of Fe XVIII cannot be

properly assessed.

The second and third potential reasons for the discrepancy between
the measured and calculated values in Table 3 have to do with the modified
Bethe approximation. As mentioned earlier, the approximation is only valid
at "high" incident electron energies, where short-range forces can be
neglected. The temperature in the coronal plasma may not be high enough
to make this approximation valid. Additionally, it was necessary to assume
that the gs were equal for all transitions. Variations of g from its usual
assumed value of ~ 0.2 of a factor of two or three are observed (see, e.g.,

Mewe 1972) and may also account for some of the discrepancies in Table 3.

g) Potential Problems with Line Blends

The possibilities of blended lines add a further degree of complica-
tion to the analysis of the already complex Fe XVIII analysis. A first, and
relatively minor, problem was mentioned in the last sub-section. In Tables

3 and 4, three line blends (14.422A, 14.474A, 16.078A) have admixtures of




the two ground state leveis (2P3/2, 2P1/2) as their lower level. Therefcore,
the application of equation (8) is not straightforward since a value must be
assigned for the statistical weight of the iower level of the transition. For
these three cases we have weighted the contribution to each blend by the
vaiue the theory, based on the Bethe approximation, would give to each.
This approximaticon may be somewhat valid for the 2p-3d transitions, but
should not b2 expected 1o be as good for the 2p-3s transitions because of
the cascading effects from the 3p levels, discussed above, which it is not
possible to take into account properly in this procedure. However, the

maximum ercor introduced by this uncertainty is a factor of 2, the ratio of

the statistical weights of the two ground state levels.

A potentially more important problem occurs because of the
possioility of cther Fe AV transitions lying sufficiently close in wave-
length to observed Fe XVIII lines to form unresolved blends. Feldman et al.
{1873) discuss this possibility in their work on the fluorine isoelectronic
sequence. They {ind that this difficulty may exist for three Fe XVIII
excited levels which have the 2p4(lD) 3d configuration; the three potential
pairs of "blended" levels are the (ZDS/Z’ 2P3/2); (2D3/2, 2P1/2); and

5] 5

("S.“,_Z,AFS/:) where the first ievel of each pair is the designation used by
Feldman et al. (1973) in our Tables 1 and 3. The theoretical wavelength
calculations <f Feldman et al. (1973) cannot distinguish between the
possibility of a single level or two levels. Their laboratory observations
cannot distinguish between these possibilities in the fluorine isoelectronic
sequence beyond about S VIII for the first two pairs of levels and beyond

about Sc XIil for the third pair of levels. For lower members of the

isoelectronic sequence both levels give rise to individual observable lines.
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The effect of including the three additional Fe X VIl levels gives rise
to the possibitity of five blended lines, those at 14.200A and 14.419A for
the first pair of levels, those at 14.150A and 14.361A for the second pair of
levels, and that at 14.255A for the third pair of levels. (We have used
Feldman et al.'s (1973) wavelengths.) The possibility of blends with the line
at 11.419A have alreadv been included in Tables 1 and 3 (and in the
caleulation of relative collision strength in Table 3). The line arising from

9

he (ll)),m “P:"’,Z level at 14.419A contributes slightly less than 1/2 of the
caleutated relative colision strength (which is too low by a factor of 5) of
the line we observe at 14.422A. Thus its existence or nonexistence cannot
reconcile this particular caleulation with the observation. The first
possible blend listed above 15 the most important (205/2, 2!’3/2) since we
have used the 2”5/2 line at 14.200A to normalize all other collision
strengths. The presence of the 2P3/2 transition , with an intensity given by
the Bethe approximation and Cowan's oscillator strength, has the effect of
increasing the collision strength for the 14.200A line by about 50%. If this
were the only "blended” transition, it would uniformly decrease all of the
other 2p-3d and 2p-3s relative collision strengths by a factor of 1.5. While
obviously changing the results of a comparison of the Bethe calculation and

observations, it would not result in overall better agreement between them.

Furthermore, there is no reason to expect only one "blended" level
will be significantly populated without the other possible "blended" levels
being populated. We have therefore carried out a calculation assuming all
levels that inay exist will be populated according to Bethe approximation.
Again, the net result is the same. Although individual lines change the

ratios of the caleulated to observed relative collision strengths, the overall
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agreement is not improved by these procedures. Therefore, we believe,
even with the inclusion of other potential Fe XVIII levels which could give
rise to additional "pblended" lines, the agreement between the calculated
relative collision strengths using Cowan's oscillator strengths and the
modified Bethe approximation, and the observed collision strengths is not
improved. Presumably the discrepancy results for the reasons given in the
last sub-section. At the present time we endorse Feldman et al.'s (1973)
designations for the various transitions, which are based on a study of the
entire isoelectronic sequence, until evidence that the other potential

"blended" 2p4 (! D) 3d levels are of importance is produced.

h) Comparison with a Previous Analysis of Fe XVIII

Before leaving the subject of collision strengths it should be pointed
out that Parkinson (1975) has analyzed six Fe XVIII lines observed in his
high resolution X-ray spectra taken from a rocket. His strongest Fe XVIII
line (14.2A) had but 60 counts, his weakest 12, and the four remaining lines
24 counts each, after background subtraction. Consequently, the accuracy
of the line intensities and the collision strengths derived by Parkinson are
limited by the relatively poor statistics. Parkinson (1975) uses equations
essentially similar to our equations (1) and (10) to evaluate the oscillator
strength for his observed transitions; however, he neglects the branching
ratio, Bji’ in his formulation. (He also adopts Tucker and Koren's (1971)
nonstandard usage of the definition of the collision strength incorporating
the statistical weight factor.) In Parkinson's (1975) Table X he presents his

inferred oscillator strengths for Fe XVIII which are all a factor of ~ 100

smaller than would be estimated from the analogy with Fe XVII as well as

()




from Cowan's calculations (which were not available to Parkinson).
Therefore we have redone his Fe XVIII calculation using only information
presented in his paper for abundances, ionization equilibria, differential
emission measure and line intensities. With this information we have
attempted to rederive his values of the Fe XVIII oscillator strengths. We
find values almost exactly a factor of 100 higher than those given by
Parkinson. In order to check our calculation, we performed a similar
caleulation, again using only Parkinson's data and assumptions, for his
15.01A line of Fe XVII and obtained a result that agreed with his to within
<20%. Therefore, we assume an error in arithmetic by a factor of 100 was
made by Parkinson, and to obtain values properly reflecting his analysis
both the deduced values of his oscillator strengths and collision strengths
for Fe XVIII (only) should be multiplied by a factor of 100. Taking into
account the limitations in statistical accuracy of Parkinson's intensity
ratios for the six Fe XVIII lines he observed, these ratios are in agreement

with ours listed in Tables 1 and 2.
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V. Fe XVII AND Fe XVII RELATIVE X-RAY INTENSITIES

Fe XVI X-radiation between ~ 13.5 and 17.5A represents the largest
energy flux emanating from the solar corona for any ion in this wavelength
range. This wavelength range is important because nany solar X-ray
measurements, some with relatively poor spectral resolution, have obtained
data in this spectra region. For example, both the S-051 (Krieger 1976) and
S-056 (MeKenzie, private communication) X-ray telescopes flown on Skylab
had at least on¢ filter position in which one or more of the Fe XVII X-ray
lines accounted (by caleulation) for 2 20% of the energy deposited on their
film recording the solar image in X-rays at coronal temperatures often
found in active regions. Fortunately, with recent theoretica! (Loulergue
and Nussbaumer 1975) and experimental (Walker, Rugge, ind Weiss 1974a,
Parkinson 1975, Hutcheon, Pye, and Evans 1976) work a proper assessment
of the amount of energy emitted by the Fe XVII ion can be made for
essentially any optically thin astrophysical plasma. As has been stated
earlier in this paper, this is not the situation in any sense for Fe XVIII. No
detailed theoretical work has been carried out to date on Fe XVIII fluxes
and this paper is the first experimental work to present a relatively
gcceurate and detailed examination of Fe XVIII X-radiation from the corona.
For this reason we will compare the relative energy flux of the total
Fe XVII and Fe XVIil X-ray emission from the solar corona. Relatively
little X-ray flux is emitted by either ion outside the 13 to 17.5A region,

corpared to the energy emitted within this wavelength region.
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SIS

We have uscd eght speetral seans, taken over the two day period
1969 March 20 and 21, (o obtamn the energv ratio of the Fe XVII flux
relative to both the strongest Fe \VII trunsition at 15,01 A (Zp-:ile‘) and
to the total Fe XVII fiux in the 13 to 17.5A wavelength interval. These

-

data, along with other reluted datu, #7¢ presented in Table 5. A variety of
solar conditions prevailed during the individual seans as can be seen from
intensity of the Fe XVIH line at 14.2A (in eounts) and the Fe XViil (14.24)
to Fe XVII (15.61A) energy flux ratios. As has been mentioned before, the
four consecutive spectra taken beginning about 1442 UT on 1969 Mareh 21
followed n elass 1B flare whieh oecurred ~ 1336 UT. Thus, the change in
the "speetral hardness™ ol the spectra cun be determined as a funetion of

tiine after the flare trom the aata presented in the table.

As can be seen from the fourth and fifth columns of Table 5, a non-
neghgible amount of X-radiation inay originate from Fe XVIII ions,
especially during and after flares as well as from "hot" active regions.
Thus, an accurate estimate of Fe XVII X-radiation produced by hot,
optically thin astrophysical plasmas is essentisl to precise caleulations of
energy loss ana speetral output of such plasimas as well as to the

interpretation of broad-band or low resolution X-ray pictures of the sun.
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TABLE 5
Comparison of Fe XYII and Fe XVII Intensities

Date FeXUII (14280  EN42A) E (Fe XV E (Fe XVII)

(1969) Intensity (Counts) E15.01A) E(15.01A E (Fe XVII)
20 March

0528 U.T. 44 (.04 0.23 0.06

0615 U.T. 131 0.09 0.56 0.15
21 March

0419 U.T. 342 0.14 0.82 022

0423 U.T. 365 013 0.77 0.20

1442 U T. 612 0.24 14 (38

1446 U T. 639 02 12 032

1450 5 T 546 0.17 10 026

1454 U 015 0.90 0.3




VI. SUMMARY AND DISCUSSION

In this paper we have presented the first accurate and comprehen-
sive measurements of the wavelengths and relative intensities of the
strongest X-ray lines of Fe XVII emitted by the solar carona. The e AViY
data were obtained from eight relatively high resolution X-ray speetra oi
the sun taken from a Bragg erystal spectrometer flown on the OVi-17
satellite on 1969 Mareh 20 and 21. We have definiteiyv identified eighteen
Fe XVIII coronal lines or line blends and compared their wavelengins with
the best avaiiable values obtained from measurements of hot luboratory
plasimas.  The agreement between the solar and leboralory wavelengths s
excellent. We have used the measured Fe XVIII relative intensities to
deduce the relative elfective collisions strengths for this ion  an!
essentially all of the higher ~ :nembers of the fluorine isoelectronic
sequence since 220 ~ constant for the higher » values ulong un
isoelectronic sequence. Fhe use of these deduced relative collision
strengtiis in collisional excitation caleulations was mentioned id the

potential complicating effects of cascade processes were discussed in

detail.

The OV1-17 deduced relative ecollision strengths were compared to
calculations of the same quantities using the modified Bethe approximio-
tion. In all cases the 2p-3s calculated collision strength ratios were
significantly smaller than the values obtained from the OVI-17 satellite
Fe XVIII tine intensity measurements. We coneluded this wus evidence for
the existence of strong cascading effeets from the 3p to the 3s levels in

Fe XVIII. While agreement between the Bethe approximation calculations
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and the OV1-17 relative collision strengths was better for the 2p-3d
transitions than for the 2p-3s, it was not nearly as good as the accuracy we
believe is inherent in Cowan's calculated oscillator strengths. Reasons for
this discrepancy were presented as were potential complications to the
analysis from line blends. It was concluded that potential line blending
couid not remove the discrepancy between the calculated values and the

values deduced from the OV1-17 X-ray spectra.

All eight X-ray spectra were used to compare the X-ray energy flux
of the corona in Fe XVIII to that in Fe XVII for a variety of solar
conditions. It was concluded that Fe XVIII X-radiation is non-negligible
compared to that of Fe XVII, especially from hot active regions and, pre-

sumably, from flares.

In the work presented in this paper we have used only relative in-
tensities rather than absolute intensites for the Fe XVIII emission lines.
There are several important reasons for this. First, the relative efficiency
of the OV1-17 KAP crystal spectrometer, over a short wavelength region,
is substantially better known than the absolute efficiency. However, we
believe we know the absolute efficiency to within a factor of two. Second,
in order to derive absolute Fe XVIII line intensities the differential
emission measure function, M(T) (egn. (3)), must be derived. Craig and
Brown (1976) have shown that the problem of determining differential

emission measure is ill-conditioned and may not lead to unique solutions.

The third problem, for Fe ions in general, is with the G(T) function
or, more precisely, with the ionization equilibrium part of its calculations,

i.e., az, (see eq. 2). Until very recently Jordan's (1969, 1970) calculations
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of “Zz( ) have been almost universally used in coronal calculations.
Recently, however, Jacobs et al. (1977) have included additional autoioni-
zation terms in a detailed ionization equilibrium calculation which have the
major effect of shifting the peak of the ionization equilibrium curves as
calculated by Jordan (1969, 1970) toward lower temperatures by
~1.5x IUGOK for Fe XVIII. Until it becomes clear which, if either, of the
two calculations are correct for Fe ions, it appears to be a thankless task
to attempt a proper evaluation of the absolute intensities of our Fe XVIII
(or Fe NVID line intensities. This statement probably applies equaily well

to other recent and future Fe ion line measurements in the X-ray region.

In any case, we believe the most valuable contribution experimental
measurements can make to the understanding of Fe XVIIi line eission
from the solar corona are the relative intensities of these lines, given in
Tables 1 and 2. It was precisely these observed intensity ratios, for
Fe XVII, that led to a reassessment of the theory (Pottasch 1966) and the
subsequerit theoretical understanding of that complex ion (Loulergue and
Nussbaumer 1975). A similar understanding of Fe XVIII awaits the difficuit
and tedious calculation of the collision strengths similar to that performed

by Loulergue and Nussbaumer (1973) for Fe XVIL
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THE IVAN A. GETTING LLABORATORIES

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military concepts and systems. Ver-
satility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered in the nation's rapidly
developing space and missile systems, Expertise in the latest scientific devel-
opments is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-

fer, reentry physics, chemical kinetics, structural mechanics, flight dynamics,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physics Laboratory: Atmospheric reactions and atmos-
pheric optics, chemical reactions in polluted atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materials, lubrication and surface phenomena, photo-
sensitive materials and sensors, high precision laser ranging, and the appli-
cation of physics and chemistry to problems of law enforcement and biomedicine.

Electronics Research Laboratory: Electromagnetic theory, devices, and
propagation phenomena, including plasma electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, semi-
conducting, superconducting, and crystal device physics, optical and acoustical
imaging: atmospheric pollution; millimeter wave and far-infrared technology.

Materials Sciences Laboratory: Development of new materials; metal
matrix composites and new forms of carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in
nuclear weapons environment: application of fracture mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radia-
tion from the atmosphere, density and composition of the atmosphere, aurorae
and airglow: magnetospheric physics, cosmic rays, generation and propagation
of plasma waves in the magnetosphere; solar physics, studies of solar magnetic
fields. space astronomy, Xx-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionospherc, and
magnetosphere; the effects of optical, electromagnetic, and particulate radia-
tions in space on space systems.
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